We have evaluated insulin requirements and the relationship between hormonal variables, changes in blood glucose and insulin requirements in insulin-dependent diabetic patients undergoing two degrees of severity of surgery: minor (vitrectomy) and major (gastrectomy, bowel resection, hip replacement). The study began just before induction and ended 2 h after surgery. Blood glucose concentrations were comparable in both groups but the total amount of insulin given was significantly greater in the major surgery group. Plasma noradrenaline and cortisol concentrations increased significantly during major surgery and there were significant correlations between the increase in these counter-regulatory hormones and the amount of insulin administered. We conclude that the metabolic changes occurring during surgery were small, but at the cost of a marked increase in insulin requirements during major surgery. Increased sympathetic nervous system activity seems to have been implicated in the increase in insulin requirements. (Br.
The response to injury in diabetic patients is intensified by the increased sensitivity of tissues to the action of counter-regulatory hormones [1] . The severity of surgery is therefore an important factor which may influence intraoperative glycaemic control and its management, especially insulin requirements. However, most insulin regimens provide a constant amount of insulin regardless of the severity of surgery, and the type of surgery is rarely taken into consideration in studies on diabetic patients. The aims of this prospective study, in insulindependent diabetic patients, were to compare intraoperative metabolic control and hormonal variables in patients undergoing minor and major surgery, to evaluate insulin requirements depending on the severity of surgery and to determine the relationship between hormonal variables and changes in blood glucose and insulin requirements.
Methods and results
In this prospective study we investigated 36 insulindependent diabetic patients undergoing elective surgery under general anaesthesia. Two degrees of severity of surgery were studied: minor (group A: vitrectomy (n = 18)) and major (group B: gastrectomy (n = 4), bowel resection (n = 6), hip replacement (n = 8)). The study was approved by the University Hospital Centre Ethics Committee and informed consent was obtained from all patients. Exclusion criteria included patients with autonomic nervous system dysfunction, diabetic ketoacidosis during the preoperative period and patients with impaired renal or hepatic function. None of the patients received corticosteroids, catecholamines or non-steroidal anti-inflammatory agents before or during operation. Routine insulin therapy was discontinued the night before surgery and the patients fasted from the evening before surgery (12-14 h). All patients were premedicated with oral flunitrazepam 1-2 mg.
Insulin therapy was started just before induction of anaesthesia. Patients received a continuous i.v. infusion of short-acting insulin 1.25 u. h" 1 (Actrapid, Novo, France) with an additional bolus of insulin 5 u. if intraoperative blood glucose exceeded 11.1 mmol litre" 1 , as described elsewhere [2] . Surgery began before 10:00. Anaesthesia was induced with thiopentone 5 mg kg" 1 and orotracheal intubation was facilitated with vecuronium O.lmgkg" 1 . Fentanyl 2ugkg~' was used at induction and during anaesthesia. Anaesthesia was maintained with 0.8-1 % enflurane and 50 % nitrous oxide in oxygen. Neuromuscular block was maintained with vecuronium. Supplementary doses of i.v. fentanyl 50 ug were given in response to hypertension, tachycardia, or both. Ventilation was controlled to maintain end-tidal Pco 2 at 4.8-5.3 kPa. Neuromuscular block was not antagonized after surgery.
The study began just before induction and ended 2 h after surgery. Capillary blood glucose concentrations were measured every 15 min. Laboratory glucose, plasma ketone bodies (acetoacetate, Phydroxybutyrate), lactate, pyruvate, insulin, Cpeptide and counter-regulatory hormone (catechol- •Address for correspondence: Departement d'AnesthesieReanimation, Hopital Saint-Roch, 5 rue Pierre Devoluy, 06006 Nice Cedex 1, France. Table 1 Mean (SEM) metabolic and hormonal data before operation (SI), during surgery (S2) and after tracheal exrubation (S3). * P < 0.05, **P < 0.01, ***P < 0.001 compared with preoperative values, \P < 0.05, tf-P < 0.01, ttt f < 0.001 between groups amines, cortisol, glucagon, growth hormone) concentrations were measured in venous samples (S): just before induction (SI), 60 min after the beginning of surgery (S2) and immediately after completion of surgery and tracheal extubation (S3). Details of the assays have been published previously [2] . The following variables were analysed: capillary glucose concentrations measured before induction of anaesthesia, every 15 min during anaesthesia and for 2h after operation; total amount of insulin and number of additional boluses administered; plasma acetoacetate and P-hydroxybutyrate concentrations, and P-hydroxybutyrate: acetoacetate ratios at SI, S2, S3; plasma lactate and pyruvate concentrations, and lactate:pyruvate ratios at SI, S2, S3; plasma insulin, C-peptide and counter-regulatory hormone concentrations at SI, S2, S3. Statistical analysis of the differences between SI, S2 and S3 and between capillary glucose concentrations was conducted using two-way analysis of variance. The relationships between laboratory blood glucose concentrations and plasma counterregulatory hormone concentrations at SI, S2 and S3, and between insulin requirements and area under the plasma concentration-time curves for counterregulatory hormones were studied by linear regression analysis. Results are expressed as mean (SEM) . P < 0.05 was considered statistically significant.
There was no significant difference between the two groups in sex, age (mean 52.2 (range 25-75) yr), weight (mean 65.1 (45-88) kg), duration of diabetes, preoperative control of glycaemia determined by haemoglobin A lc and capillary glucose concentrations measured just before induction of anaesthesia. Duration of surgery was similar in both groups (group A 2.4 (0.4) h; group B 3.1 (0.8) h) (ns). Seven patients in group B received blood products during surgery (red cell transfusion or plasma). Mean volume of blood given was 500 ml (range 250-750 ml). There was no significant difference in the time course of blood glucose concentrations between the two groups. However, the total amount of insulin given and the rate of administration of insulin (group A 1.7 (0.1) u.h" 1 , group B 3.0 (0.6) u. h" 1 ) were significantly higher in group B (P < 0.01 and P < 0.05). The only failure in the insulin therapy regimen occurred in group A (glucose 17.7 mmol litre" 1 ) just after tracheal extubation. Plasma concentrations of ketone bodies and plasma P-hydroxybutyrate: acetoacetate ratios decreased progressively during the course of the surgery (P < 0.05) with no significant differences between groups (table 1) . Plasma lactate and pyruvate concentrations increased gradually (P < 0.001) during surgery (table 1). In the recovery period (S3), plasma concentrations of lactate were significantly higher during major surgery (P < 0.01). Plasma noradrenaline and cortisol concentrations increased during the course of surgery in group B (P < 0.001) (table 1). Plasma concentrations of growth hormone increased during surgery but there was no significant difference between groups. There were significantly positive correlations between the increase in glucose and plasma noradrenaline concentrations at S2 and S3, expressed as increased percent compared with S1 (S2: r = 0.52, P < 0.01; S3: r = 0.52, P < 0.01). A positive correlation was also found between insulin requirements and area under the plasma concentration-time curves for noradrenaline (r = 0.65, P < 0.01) and cortisol (r = 0.72, P < 0.01).
Comment
In this study we found that only small metabolic changes occurred during surgery but that during major surgery this metabolic stability was obtained by the use of large quantities of insulin. This increase in insulin requirements was associated with increased secretion of noradrenaline and cortisol. This suggests that catecholamines, especially noradrenaline, and also cortisol, were responsible for the development of hyperglycaemia and the increase in insulin requirements.
We found that the increase in catecholamines during the operative period involved mainly an increase in noradrenaline. This is consistent with previous studies which showed that the adrenal medulla and sympathetic nerves are not always activated in parallel, and that the greatest change in plasma adrenaline concentrations usually only occurs during the postoperative period [3] . The increase in insulin requirements mediated by noradrenaline is caused by increased hepatic glucose production and insulin resistance [4] . The importance of sympathetic nervous system activation on hepatic production of glucose was confirmed by a study which showed a marked decrease in hyperglycaemic response to surgery in patients given a splanchnic nerve block [5] . The metabolic effects of noradrenaline on hepatic glucose production are less noticeable than those of adrenaline [4] . In our patients, the hyperglycaemic response to elevated concentrations of noradrenaline was probably intensified by the increased sensitivity of diabetic tissues to the action of catecholamines [1] . The increased insulin requirements observed during major surgery may also be explained by an increase in insulin resistance. Catecholamines play a major role in insulin resistance and in increased insulin requirements observed after injury [6] . Noradrenaline induces insulin resistance in skeletal muscle because of a post-receptor intracellular defect in glucose metabolism [6] . During stressful conditions, cortisol is known to contribute to the development of hyperglycaemia by stimulating gluconeogenesis and increasing insulin resistance [1] . A synergistic action between catecholamines and cortisol has been demonstrated, and cortisol prolongs and amplifies the hyperglycaemic effect of catecholamines [1] .
Good metabolic control was achieved in this study using a flexible insulin regimen with a simple algorithm adjusting insulin dosage according to glycaemic changes induced by surgery. Only i.v. insulin administration provides such flexibility. We combined a steady supply of low doses of insulin with additional i.v. 5-u. boluses when blood glucose concentrations increased as a result of surgical stress [2] . This insulin regimen provided steady blood glucose concentrations during both minor and major surgery.
